Introduction {#Sec1}
============

Many extensions of the standard model (SM) of particle physics, including some that address the gauge hierarchy problem, predict the existence of additional color-triplet states with vector-like gauge couplings. Vector-like quarks (VLQs) arise, for instance, as Kaluza--Klein excitations in warped extra-dimension scenarios \[[@CR1], [@CR2]\] (in particular the version with SM fields in the bulk generating the fermion mass hierarchy, see for example \[[@CR3]--[@CR8]\]), excited resonances in the framework of composite models \[[@CR9], [@CR10]\], partners of the top quark in the little Higgs context \[[@CR11], [@CR12]\] and as additional states in the extended group representations of grand unified theories \[[@CR13], [@CR14]\]. As their masses are expected to be in the vicinity of the TeV scale, these particles are accessible at the Large Hadron Collider (LHC) and their search is therefore of prime importance. For phenomenological analyses concerning VLQs, see \[[@CR15]--[@CR39]\] (for more specific scenarios involving VLQs, see, for example, \[[@CR40]--[@CR48]\]).

At the LHC, direct experimental searches have imposed the model independent bound $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\mathrm{VLQ} \gtrsim 800$$\end{document}$ GeV \[[@CR49]--[@CR51]\] on VLQ masses from pair-production through strong interactions, almost independently of the electric charge. There exist also indirect constraints on the masses and couplings of these particles from electroweak (EW) precision tests as they enter the radiative corrections to EW precision observables such as the so-called oblique corrections that affect the *W*-boson mass $\documentclass[12pt]{minimal}
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                \begin{document}$$\sin ^2\theta _W$$\end{document}$ at high orders \[[@CR52], [@CR53]\]. In addition, third generation VLQs alter the properties of the heavy top and bottom quarks through fermion mixing and strong constraints can be e.g. obtained from the *Z*-boson decay into bottom quarks, $\documentclass[12pt]{minimal}
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                \begin{document}$$Z\rightarrow b\bar{b}$$\end{document}$, as measured at the LEP $\documentclass[12pt]{minimal}
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                \begin{document}$$e^+ e^-$$\end{document}$ collider at energies close to the *Z*-resonance \[[@CR54], [@CR55]\]. In the latter case, VLQs are (together with Kaluza--Klein excitations of electroweak gauge bosons \[[@CR56]\]) among the very few possibilities that allow one to solve the long-standing puzzle of the forward-backward asymmetry $\documentclass[12pt]{minimal}
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                \begin{document}$$A_\mathrm{FB}^{b}$$\end{document}$ whose measured value differs by $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim {2.5} \sigma $$\end{document}$ from the SM expectation \[[@CR57]\].

Indirect constraints on VLQs also come from the data collected on the 125 GeV Higgs particle that has been observed at the LHC \[[@CR61]--[@CR63]\]. First, these new quarks contribute to the loop-induced Higgs couplings to pairs of gluons and photons, either through their additional exchange in the triangular loops or when altering the important top quark loop contribution by mixing \[[@CR65]--[@CR69]\]. The Higgs decay channels in the various final states detected so far by the ATLAS and CMS collaborations, namely the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau ^+\tau ^-$$\end{document}$ final states with the Higgs state dominantly produced in the gluon fusion mechanism $\documentclass[12pt]{minimal}
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                \begin{document}$$gg\rightarrow H$$\end{document}$, set strong limits on the VLQ masses and couplings \[[@CR61]--[@CR63]\]. The sensitivity in these leading Higgs production channels, supplemented by the one in the Higgs-strahlung process $\documentclass[12pt]{minimal}
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                \begin{document}$$V=W,Z$$\end{document}$ boson decaying leptonically and the Higgs state decaying into $\documentclass[12pt]{minimal}
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                \begin{document}$$H\rightarrow b\bar{b}$$\end{document}$ final states, will significantly improve at the upgraded LHC with higher center of mass energies and integrated luminosities.

At a later LHC stage, a very efficient indirect probe of VLQ effects would come from associated Higgs production with top-quark pairs, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$y_t$$\end{document}$, as the cross section is directly proportional to $\documentclass[12pt]{minimal}
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                \begin{document}$$y_t^2$$\end{document}$. In fact, the combination of the data collected so far by the ATLAS and CMS collaborations in this channel displays a $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim \! 2\sigma $$\end{document}$ deviation from the SM expectation \[[@CR63]\] although the sensitivity is still rather low (the deviation is close to $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim \! 1\sigma $$\end{document}$ in the ATLAS data and is much larger, being at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim \! 2.1\sigma $$\end{document}$ level, in the case of CMS \[[@CR61], [@CR62]\]). This excess in the production rate would correspond to an enhancement of the top-quark Yukawa coupling $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim \! 1.4$$\end{document}$.[1](#Fn1){ref-type="fn"} Although it is rather premature, it is tempting to attribute this excess to the indirect presence of VLQs and this should soon be confirmed or infirmed.

In this paper, we analyze the sensitivity of present and future LHC Higgs data to the vector-like partners of the heavy top and bottom quarks. We adopt an effective approach and consider several VLQ representations under the SM gauge symmetry, so that the obtained scenarios can be embedded into various realistic high-energy frameworks. We first explore the possibility that some VLQs modify the Yukawa couplings of the heavy top and/or bottom quarks through fermion mixing and discuss the impact of this mixing on electroweak observables including those in $\documentclass[12pt]{minimal}
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                \begin{document}$$Z\rightarrow b\bar{b}$$\end{document}$ decays. We also analyze the constraints that can be obtained from the LHC data on the observed Higgs particle, in particular those from the measured loop-induced Higgs couplings to gluons and photons as well as from the rates in the Higgs-strahlung production process followed by the decay $\documentclass[12pt]{minimal}
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As a main outcome of our study, we provide a natural and simultaneous explanation of the two possible deviations in heavy quark observables from SM expectations: the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma (pp\rightarrow t\bar{t}H)$$\end{document}$, the increase of the top Yukawa coupling that is necessary to explain the $\documentclass[12pt]{minimal}
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                \begin{document}$$ \sim \! 2 \sigma $$\end{document}$ excess has to be compensated by a destructive interference between the top and the VLQ loop contributions to the $\documentclass[12pt]{minimal}
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                \begin{document}$$H\rightarrow \gamma \gamma $$\end{document}$ decay rates.[2](#Fn2){ref-type="fn"} Such an interpretation of the anomaly in $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma ( pp\rightarrow t\bar{t}H)$$\end{document}$ predicts VLQs with masses in the range 1--1.5 TeV, which should thus be directly produced at the next LHC runs.

Finally, we show that VLQs with masses up to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$10 TeV can be probed by measuring precisely the ratios of the $\documentclass[12pt]{minimal}
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                \begin{document}$$H \rightarrow WW^*$$\end{document}$ production times decay rates \[[@CR70], [@CR71]\], which are free of the large theoretical ambiguities that affect the absolute rates or the signal strengths \[[@CR72]--[@CR74]\] and which could be determined with an accuracy at the percent level at the high-luminosity LHC option \[[@CR75]--[@CR77]\].

The paper is structured as follows. In the next section, we describe three models which lead to VLQs that could allow for an enhancement of the top-quark Yukawa coupling and for a resolution of the $\documentclass[12pt]{minimal}
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The theoretical set-up {#Sec2}
======================

In this section, we discuss the simplest models that include extra vector-like quarks and start by analyzing those which could accommodate the two possible anomalies in the heavy quark sector, namely an increase of the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_t = 174 \pm 1$$\end{document}$ GeV being the measured top-quark mass \[[@CR57]\] and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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It turns out that the simplest SM extension with a unique $\documentclass[12pt]{minimal}
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In the case of the forward--backward asymmetry $\documentclass[12pt]{minimal}
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We will show later that indeed, there is a region in the parameter space of this minimal model where all the LEP and LHC constraints, as well as the constraints from the oblique corrections that affect the *W* / *Z* propagators, are satisfied. However, for the sake of completeness, we will also consider two other models that respect too the requirement of minimality and pass the constraints mentioned above. The two additional models contain, besides the SM fields, the VLQ multiplets enlisted below:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mathrm{Model}~\mathbf {B}: T_{L,R}, \; B_{L,R}, \; X_{L,R} = \left( \begin{array}{c} t'' \\ b'' \\ q'_{4/3} \end{array} \right) ^{Y=-1/3}_{L,R}\quad \mathrm {and} \quad t'''_{L,R}.\nonumber \\ \end{aligned}$$\end{document}$$This is simply a copy of the minimal model **A** with the replacement $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ b'' \rightarrow X $$\end{document}$, with the top-like singlet from model **A** being renamed into $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ t''' $$\end{document}$. The triplet is chosen such that the isospin of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ b'' $$\end{document}$ is equal to 0, which, together with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b'$$\end{document}$ having a positive isospin, solves the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ A_\mathrm{FB}^b $$\end{document}$ discrepancy. Also, with the choice of this triplet, this model has the same number of parameters as model **A**, namely 14. We have$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mathrm{Model~}\mathbf {C}: T_{L,R}, \; B_{L,R}, \; Z_{L,R} = \left( \begin{array}{c} q_{8/3} \\ q'_{5/3} \\ t'' \end{array} \right) ^{Y=5/3}_{L,R}, \; b''_{L,R} \quad \mathrm {and} \; t'''_{L,R}.\nonumber \\ \end{aligned}$$\end{document}$$Just as in the previous model, the top-like singlet gets the most primes, becoming $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t'''$$\end{document}$. In both models, the *B* and *T* VLQ doublets are the ones defined earlier in Eqs. ([4](#Equ4){ref-type=""}) and ([5](#Equ5){ref-type=""}).

We close this general discussion by presenting the Lagrangians and the mass matrices of the additional models **B** and **C**. We denote the interaction basis vectors as $\documentclass[12pt]{minimal}
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Model **B**: the corresponding Lagrangian is given by$$\documentclass[12pt]{minimal}
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Model **C**: the Lagrangian is given by$$\documentclass[12pt]{minimal}
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Present constraints on the VLQ properties {#Sec3}
=========================================

Bounds from the LHC Higgs data {#Sec4}
------------------------------

The first set of constraints that we consider is due to Higgs production and detection at the LHC; for a review of the relevant processes see e.g. Ref. \[[@CR81]\]. The data collected by the ATLAS and CMS collaborations at $\documentclass[12pt]{minimal}
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The cross section for the gluon fusion mechanism ggF is by far the dominant Higgs production process at the LHC as it provides $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim $$\end{document}$85 % of the total Higgs sample before kinematical cuts are applied. In the SM, the process is mediated by triangular top and (to a lesser extent) bottom-quark loops. VLQs that are top and bottom partners would affect the ggF production rate either through mixing, i.e. by modifying the *t*, *b* loop contributions, or their exchange in the loop (the various quark contributions to the loop-induced *Hgg* coupling are summarized in the appendix). The virtual impact of VLQs in the *Hgg* vertex can be probed essentially through the signal strength in the $\documentclass[12pt]{minimal}
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                \begin{document}$$H\rightarrow \gamma \gamma $$\end{document}$ decay mode bears many similarities with the ggF process. It is mediated by top and bottom quark triangular loops but has also contributions from the *W* boson which, in fact, is dominating and interferes destructively with that of the heavy quarks. Again, additional contributions come from VLQs, in particular through their exchange in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H\gamma \gamma $$\end{document}$ vertex (the impact of VLQs in this channel is also summarized in the appendix). Given their smaller electric charge, VLQ bottom-quark partners barely contribute to the vertex but exotic VLQs with higher electric charge, e.g. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$+\frac{5}{3}$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-\frac{4}{3}$$\end{document}$, could more significantly affect the loop \[[@CR67]\]. Present ATLAS and CMS data \[[@CR61], [@CR62]\], when combined, give the even stronger constraint$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mu _{\gamma \gamma }^{\mathrm {(comb)}} = 1.14 \pm 0.18. \end{aligned}$$\end{document}$$Additional bottom-like VLQ partners would alter the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Hb\bar{b}$$\end{document}$ coupling in addition to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z b \bar{b}$$\end{document}$ vertex. Consequently, one should also enforce the constraint from the Higgs-strahlung process with the Higgs boson observed in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H\rightarrow b\bar{b}$$\end{document}$ signature. Combining the ATLAS and CMS results \[[@CR62], [@CR84]\], one obtains for this channel[5](#Fn5){ref-type="fn"} $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mu _{bb}^\mathrm{(comb)} = 0.69 \pm 0.29. \end{aligned}$$\end{document}$$Note that here the production cross section in the VH process is not altered at tree level by the presence of VLQ and only the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H\rightarrow b\bar{b}$$\end{document}$ branching ratio is affected. In fact, this branching ratio, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$60 %, is the dominant one \[[@CR85]\]. It controls the total decay width and therefore enters in all the other Higgs branching ratios and hence all signal strengths. We will thus simultaneously include the various effects and impose the three constraints from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _{ZZ}, \mu _{\gamma \gamma }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _{bb}$$\end{document}$ at the same time, ignoring the other signal strengths that are less stringently constrained \[[@CR61]--[@CR63]\].

Finally, we will also consider the signal in the associated $\documentclass[12pt]{minimal}
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In our discussion, this deviation will be attributed to an enhancement of the top-quark Yukawa coupling as a result of mixing with a VLQ partner. However, because the non-SM-like $\documentclass[12pt]{minimal}
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Constraints from high-precision tests {#Sec5}
-------------------------------------

There are also indirect constraints on VLQs from high-precision electroweak data. First, for the third generation quark sector, there are tree-level corrections induced by the *t*--$\documentclass[12pt]{minimal}
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                \begin{document}$$T$$\end{document}$ has a very high sensitivity to the addition of VLQs. Disentangling the deviations of the observable *T* that are due to mixing effects or to the VLQ loop contributions is rather difficult in practice. In particular, the mixing effects between (at least) three states are very cumbersome to handle; they can be treated only numerically and one then needs to resort to a scan approach as will be done in our analysis.
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Note that since we are considering a unique set of VLQ fields and not a replica per generation, it means that the so-called custodians ($\documentclass[12pt]{minimal}
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                \begin{document}$$t', b', \ldots $$\end{document}$) for the first two quark (and three lepton) SM generations would decouple, which can be realistic in such frameworks \[[@CR78], [@CR91]\]. Higgs data imply then large masses for the Kaluza--Klein excitations of gauge bosons and the Higgs sector would essentially feel only the effects of the VLQs (custodians) from the various effective **A--C** models.

Other constraints {#Sec6}
-----------------

Apart from the constraints coming from the LEP and LHC, one should also incorporate various constraints concerning the eigenmasses of the physical states and their couplings to the scalar Higgs field. First, one should reproduce the observed top- and bottom-quark masses. However, since we are neglecting the mixing between the three flavors and also the running from the VLQ mass down to the heavy quark pole masses $\documentclass[12pt]{minimal}
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Indeed, as the Cabibbo--Kobayashi--Maskawa (CKM) matrix is close to the identity matrix, the simplest theoretical quark mixing configuration corresponds to having both rotation matrices for the up and down quark sectors close to identity as well, with a similar assumption for the matrices of the right-handed sector, for simplicity. Since the deviation of the CKM matrix from identity (its off-diagonal elements) is between less than 1 % and $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim $$\end{document}$20 % \[[@CR57]\], one can expect deviations of order 10 % in these up and down rotation matrices. Hence, the top-quark mass could be affected by a correction of this order. Such mixing effects can induce an even larger uncertainty for the bottom quark due to its mass being closer to the light generation ones.

Besides, the running effect between the VLQ and the top-quark pole masses could be of order $\documentclass[12pt]{minimal}
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Second, one should take into account the mass constraints coming from direct searches for VLQs at the LHC. Up to date, the most severe bounds on the VLQ masses come from the ATLAS experiment and are as follows:for a top-like VL partner, $\documentclass[12pt]{minimal}
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Finally, to make our predictions reliable at leading order in perturbation theory, we impose a perturbativity bound on the Yukawa couplings in the mass basis. Using naive dimensional analysis, we thus enforce the conservative constraint $\documentclass[12pt]{minimal}
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Numerical analysis {#Sec7}
==================

We now present our numerical results on the constraints on VLQ masses and couplings from current data. We first summarize the approximations that we use when enforcing the various constraints from the Higgs signal strengths as defined in Eq. ([15](#Equ15){ref-type=""}) and as measured at the first run of the LHC, Eqs. ([16](#Equ16){ref-type=""})--([18](#Equ18){ref-type=""}). As discussed previously, on the production side, the additional VLQ can only alter the ggF production mechanism as it does not affect the *HVV* couplings that enter in the subdominant VBF and VH processes. Since the ggF process is responsible for most of the Higgs production cross section at the LHC, we assume that both in the SM and in our VLQ models, one simply has $\documentclass[12pt]{minimal}
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In Fig. [1](#Fig1){ref-type="fig"}, the regions with the orange crosses are the ones that are compatible, at the 68 % confidence level (95 % CL for *S* and *T*), with all considered constraints. In the bottom sector plot, we fix the $\documentclass[12pt]{minimal}
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Interestingly, the considered models predict the existence of top, bottom ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t_2$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$b_2$$\end{document}$ eigenstates) and even exotic partners around the TeV scale, to which the LHC Run II might be sensitive. While model **B** predicts 7 VLQs with masses $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \lesssim $$\end{document}$2 TeV, models **A** and **C** both predict 4 VLQs with masses $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \lesssim 2 $$\end{document}$ TeV. Such states will be thus accessible through direct production at the upgraded LHC.
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                \begin{document}$$y_{t_1}/m_{t_1} $$\end{document}$ is positive, as in the SM, but slightly higher as a result of the enhancement of the top Yukawa coupling. Depending on the model, the new VLQ mass eigenstates propagating in the loop interfere either constructively or destructively with the top-quark exchange. Nevertheless, their contribution to the triangular loop is modest since their masses are rather large and their couplings to the Higgs boson are small, being induced only through quark mixing.[7](#Fn7){ref-type="fn"}

As a final remark, there is no complete cancellation between the effects of the enhanced top Yukawa coupling and the contribution of the new VLQ states in the triangular loop. Instead, it turns out that in each of the models that we have considered, the gluon fusion cross section is increased by 10--15 % compared to the SM value. Meanwhile, relative to its SM value, the diphoton partial width is suppressed by 1--2 % in models **A** and **B**, whereas in model **C** it is enhanced by $\documentclass[12pt]{minimal}
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The sensitivity on VLQs at the upgraded LHC {#Sec8}
===========================================

We now turn to the discussion of the sensitivity on VLQs that could be achieved at the upgraded LHC with $\documentclass[12pt]{minimal}
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Precision Higgs observables at high-luminosity {#Sec9}
----------------------------------------------
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The theoretical uncertainties that affect the production cross sections (which are at the level of 10 % in the ggF and 5 % in the VH cases for instance) and the decay branching ratios (which are presently of order 5 % in most channels) would turn then to be the largest source of uncertainty and would limit the interest of these measurements if they are not significantly reduced. Nevertheless, one could construct ratios of observables that are free of these uncertainties. In particular, the ratio of production times decay rates \[[@CR70], [@CR71]\]$$\documentclass[12pt]{minimal}
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Probing VLQs using the Higgs decay ratios {#Sec10}
-----------------------------------------
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                \begin{document}$$D_{bb}$$\end{document}$ decay ratios, with the total uncertainties given in Eq. ([25](#Equ25){ref-type=""}) and their projected central values equal to their SM values, we now estimate the sensitivities that could be achieved on VLQs at the HL-LHC. In this analysis, it would be useful to simplify to a certain extent the previously considered models in order to keep the discussion as transparent as possible but still at a rather general level. We will thus make the following three simplifying assumptions.

First, since we would like to study the new physics effects only and not the mixing effects between the SM and the physics beyond it, we will assume the VLQs to decouple from the top and bottom quarks, thus leaving the latter's couplings to the Higgs boson SM-like. This is a good approximation in general since the VLQs that we are investigating have masses well above the electroweak scale and, thus, are supposed to mix weakly with the SM states. At this stage, we will no longer attempt to explain the LHC hint for an increased top Yukawa coupling nor the anomaly in the $\documentclass[12pt]{minimal}
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                \begin{document}$$A_\mathrm{FB}^b$$\end{document}$ asymmetry. We will thus allow the new physics that we are considering to communicate with the SM only via the Higgs boson, an assumption which guarantees that the models which we are investigating comply with the currently available phenomenological constraints.[9](#Fn9){ref-type="fn"} For all the other phenomenological constraints, in particular for the electroweak oblique observables *S* and *T*, we assume the same central values and errors as presently (we thus ignore for simplicity some potential improvement such as the one that would come from a better measurement of the *W* boson mass at the LHC). The "theoretical" constraints from the top- and bottom-quark masses and from the perturbativity of the Yukawa couplings, as well as the lower bounds on the masses of the VLQs (which might be improved by the time of the HL-LHC if no signal is found, but will be superseded by the limits that will be obtained in our analysis) will also be assumed to be the same.

Second, to focus as much as possible on the effect of a single VLQ and not consider the cumulative contribution of several ones (for instance in the contributions to the $\documentclass[12pt]{minimal}
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Finally, also for simplicity reasons, we will assume that the two possible Higgs--VLQ--VLQ couplings in the interaction basis are equal, which means that, in the same basis, the VLQ mass matrices are symmetric. The latter have the simple texture$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mathcal {M}_\mathrm{VLQ} = \left( \begin{array}{cc} m &{} m_Y \\ m_Y &{} M \end{array}\right) . \end{aligned}$$\end{document}$$In this expression, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m\;(M$$\end{document}$) is the lighter (heavier) VLQ mass parameter, while $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_Y$$\end{document}$ is, up to a possible Clebsch--Gordan factor, equal to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ v' Y $$\end{document}$ (as the highest multiplet we consider is a triplet, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1/\sqrt{2}$$\end{document}$ is the only possibility for a Clebsch--Gordan coefficient). In each model, *M* will be fixed to a high value, while *m* and *Y* will be treated as variable parameters.

In the three discussed models, the various multiplets that we retain and their impact on the $\documentclass[12pt]{minimal}
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Figures [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"} constitute our main prospective results and one can see that VLQ masses up to several TeV can be probed. With the precise measurement of $\documentclass[12pt]{minimal}
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Conclusions {#Sec11}
===========

We have analyzed in this paper the sensitivity of present and future LHC Higgs data to heavy vector-like partners of the top and bottom quarks that appear in many extensions of the SM, such as warped extra-dimension scenarios and composite Higgs models. Working in an effective approach and considering several VLQ representations under the SM gauge group, we have thoroughly investigated three models that address simultaneously the long-standing puzzle of the forward--backward asymmetry $\documentclass[12pt]{minimal}
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Noting the Yukawa couplings for the VL mass eigenstates as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$y_{t_i}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$y_{b_i}$$\end{document}$ (labeled by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i=1,2,\ldots $$\end{document}$), the ratio of the ggF cross section over its SM prediction reads$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mu _\mathrm{ggF} \equiv \frac{\sigma ^\mathrm{VL}_\mathrm{ggF}}{\sigma _\mathrm{ggF}^\mathrm{SM}} \ = \ \frac{\bigg \vert \sum _i \ \frac{v \, y_{t_i}}{m_{t_i}} A[\tau (m_{t_i})] + \sum _i \ \frac{v \, y_{b_i}}{m_{b_i}} A[\tau (m_{b_i})] \bigg \vert ^2}{\bigg \vert A[\tau (m_{t})] + A[\tau (m_{b})]\bigg \vert ^2} \, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A[\tau (m)]$$\end{document}$ is the form factor for spin 1/2 particles \[[@CR81]\] normalized such that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A[\tau (m)\ll 1]\rightarrow \frac{4}{3}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A[\tau (m)\gg 1]\rightarrow 0$$\end{document}$ with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau (m)=m_H^2/4m^2$$\end{document}$. It is useful to use this large mass limit, which is a reasonable approximation (except for the bottom quark), so that the first sum from Eq. ([A.1](#Equ28){ref-type=""}) simplifies \[[@CR98]\],$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \sum _i \ \frac{v y_{t_i}}{m_{t_i}} A[\tau (m_{t_i})]\simeq & {} \sum _i \frac{v y_{t_i}}{m_{t_i}} = v \, \mathrm{Tr}\left( \frac{\partial \mathcal{M}_t}{\partial v} \mathcal{M}^{-1}_t\right) \nonumber \\= & {} v \frac{\partial }{\partial v} \log \det \mathcal{M}_t . \end{aligned}$$\end{document}$$Eq. ([A.2](#Equ29){ref-type=""}) is useful as, due to the invariance of the trace with respect to basis changing, it can be applied to the matrix $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {M}_t$$\end{document}$ in the starting interaction basis as well, thus avoiding the explicit calculation of the basis transformation. A similar trick can be used for the sum over the bottom-quark states. However, since the bottom form factor is almost zero, one has to add and then subtract its contribution:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \sum _i \ \frac{v y_{b_i}}{m_{b_i}} A[\tau (m_{b_i})]\simeq & {} \sum _i \frac{v y_{b_i}}{m_{b_i}} - \frac{v y_{b_1}}{m_{b_1}}\nonumber \\= & {} v \frac{\partial }{\partial v} \log \det \mathcal{M}_b - \frac{v y_{b_1}}{m_{b_1}}, \end{aligned}$$\end{document}$$which enables us to write an approximate form for the ggF ratio from Eq. ([A.1](#Equ28){ref-type=""}):$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mu _\mathrm{ggF} \simeq v^2 \left| \frac{\partial }{\partial v} \log \det \mathcal{M}_t + \frac{\partial }{\partial v} \log \det \mathcal{M}_b - \frac{y_{b_1}}{m_{b_1}} \right| ^2. \end{aligned}$$\end{document}$$Additionally, in order to use the above equation as a transparent guide to start the exploration of a multivariate parameter space, one can take the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ v y_{b_1} / m_{b_1} $$\end{document}$ term to be $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {O}(1)$$\end{document}$, just as in the SM. Moreover, if there are other higher charged exotic quarks that couple to the Higgs boson, a term of the type $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{\partial }{\partial v} \log \det \mathcal{M}_X$$\end{document}$, with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$X$$\end{document}$ denoting the quark type, should be added to the previous equation. Thus, Eq. ([A.4](#Equ31){ref-type=""}) can be used as a guide to stay in regions where the ggF rate is not too far from its SM value. Nevertheless, in our numerical analyses, we use the exact expression of Eq. ([A.1](#Equ28){ref-type=""}).

As for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{\gamma \gamma }$$\end{document}$ ratio (which is different from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$D_{\gamma \gamma })$$\end{document}$,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} R_{\gamma \gamma } \equiv \frac{\Gamma (H \rightarrow \gamma \gamma )}{\Gamma (H \rightarrow \gamma \gamma )_{SM}}, \end{aligned}$$\end{document}$$which enters in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu _{\gamma \gamma }$$\end{document}$, a similar formula can be derived \[[@CR81]\], and the tricks displayed above can be used once again. The difference is that the *W*-boson also runs in the loop, which generates an additional term besides the ones in Eq. ([A.4](#Equ31){ref-type=""}), and that each sum over quarks gets multiplied by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_C = 3$$\end{document}$ and by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(Q_{e.m.}(q))^2$$\end{document}$, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q_{e.m.}(q)$$\end{document}$ is the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {U(1)_{em}}$$\end{document}$ charge of the quark in question. Therefore, the bottom-quark contribution becomes negligible, hence allowing one to reliably estimate $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{\gamma \gamma }$$\end{document}$ by differentiating with respect to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$v$$\end{document}$ the various $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\log \det \mathcal {M}_q$$\end{document}$ terms.
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The explanation reads as follows. Since we assume that there is no mixing between the SM fields and the VLQs, we have for the amplitude of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H \rightarrow \gamma \gamma $$\end{document}$ process$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mathcal {A}_{\gamma \gamma } = \mathcal {A}_\mathrm{SM} + \mathcal {A}_\mathrm{VLQ}, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {A}_\mathrm{SM}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {A}_\mathrm{VLQ}$$\end{document}$ are, respectively, the SM state-mediated and VLQ-mediated loop amplitudes. As explained in the beginning of this appendix, in the limit where the VLQs are much heavier than the Higgs boson,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mathcal {A}_\mathrm{VLQ} \propto \frac{\partial }{\partial v} \left[ \log \left( \det \mathcal {M}_\mathrm{VLQ} \right) \right] . \end{aligned}$$\end{document}$$Thus, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A_{\gamma \gamma }$$\end{document}$ depends only on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \frac{\partial }{\partial v} [ \log ( \det \mathcal {M}_\mathrm{VLQ} ) ] $$\end{document}$ and, therefore, the sign of a parameter is physically relevant only if it affects the VLQ mass matrix determinant, which is given by$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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As for the mass basis quantities, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ y_\mathrm{VLQ} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ m_\mathrm{VLQ}$$\end{document}$, the discussion is somewhat simpler. Only their relative sign is of physical importance, since they enter $\documentclass[12pt]{minimal}
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Also, it is interesting to note in Fig. [4](#Fig4){ref-type="fig"} the asymmetry of the regions with respect to the $\documentclass[12pt]{minimal}
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                \begin{document}$$ y_\mathrm{VLQ} $$\end{document}$ that can be probed are higher in the case of a positive mass for the lighter VLQ. Loosely speaking, the situation is the other way around if the sign of *M* is flipped. More precisely, under the change $\documentclass[12pt]{minimal}
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For an alternative explanation of the $\documentclass[12pt]{minimal}
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                \begin{document}$$ t \bar{t}H $$\end{document}$ excess, see Ref. \[[@CR64]\].

Independently of the present excess in the $\documentclass[12pt]{minimal}
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                \begin{document}$$pp\rightarrow t\bar{t}H$$\end{document}$ production rate, our study provides a motivation for and highlights the importance of a direct measurement of the top-quark Yukawa coupling as the indirect determination from the $\documentclass[12pt]{minimal}
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                \begin{document}$$H \rightarrow \gamma \gamma $$\end{document}$ processes might be differently altered by new physics.
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                \begin{document}$$b'$$\end{document}$ states could contribute to the severely constrained Flavor Changing Neutral Current (FCNC) reactions which rely precisely on the whole SM set of Yukawa couplings for quarks. This issue, which leads to a large number of degrees of freedom in the parameter space, is beyond our scope.

We will not discuss here the subtleties in the treatment of the theoretical uncertainties that are expected to be at the level of 15--20 % in this channel, referring the reader to Ref. \[[@CR72], [@CR74], [@CR82]\] for a recent discussion (note that the QCD corrections to the VLQ contributions to the ggF and $\documentclass[12pt]{minimal}
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                \begin{document}$$H\rightarrow \gamma \gamma $$\end{document}$ loop processes should be approximately the same as for the top-quark contribution; see Ref. \[[@CR83]\] for instance). We also note that a very recent combination of the ATLAS and CMS Higgs results at the first LHC run \[[@CR63]\] gives slightly different values for the signal strengths in some channels; the difference is nevertheless so small that our analysis is unaffected.

Here, the theoretical uncertainty is small and the error is largely dominated by the experimental one.

This is for instance the case in extra-dimensional models where one would have Kaluza--Klein excitations of gauge bosons and top- and bottom-quark partners. These could contribute to the *S* and *T* parameters but not to the Yukawa couplings. Note that the $\documentclass[12pt]{minimal}
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                \begin{document}$$A_\mathrm{FB}^b$$\end{document}$ puzzle can be solved by contributions from both extra bosons and/or extra fermions as discussed in Refs. \[[@CR56], [@CR78]\].

The Higgs--VLQ couplings are given by the diagonal entries of the mass basis Yukawa matrix, $\documentclass[12pt]{minimal}
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                \begin{document}$$y_{t_{i>1}}$$\end{document}$. These entries are zero in the interaction basis so that the mass basis couplings are mixing induced.

Note that in our models, both the $\documentclass[12pt]{minimal}
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                \begin{document}$$t \bar{t} H $$\end{document}$ vertex.

Note that there exist also model-building justifications for such a decoupling of the SM and new physics effects, such as symmetries canceling the Yukawa coupling terms between SM fields and VLQs.
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